Dasabuvir is mainly metabolized by cytochrome P450 (CYP) 2C8 and is predominantly used in a regimen containing ritonavir. Ritonavir and clopidogrel are inhibitors of CYP3A4 and CYP2C8, respectively. In a randomized, crossover study in 12 healthy subjects, we examined the impact of clinical doses of ritonavir (for 5 days), clopidogrel (for 3 days), and their combination on dasabuvir pharmacokinetics, and the effect of ritonavir on clopidogrel. Clopidogrel, but not ritonavir, increased the geometric mean AUC 0-' of dasabuvir 4.7-fold; range 2.0-10.1-fold (P 5 8Á10 27 ), compared with placebo. Clopidogrel and ritonavir combination increased dasabuvir AUC 0-' 3.9-fold; range 2.1-7.9-fold (P 5 2Á10 26 ), compared with ritonavir alone. Ritonavir decreased the AUC 0-4h of clopidogrel active metabolite by 51% (P 5 0.0001), and average platelet inhibition from 51% without ritonavir to 31% with ritonavir (P 5 0.0007). In conclusion, clopidogrel markedly elevates dasabuvir concentrations, and patients receiving ritonavir are at risk for diminished clopidogrel response.
Dasabuvir is mainly metabolized by cytochrome P450 (CYP) 2C8 and is predominantly used in a regimen containing ritonavir. Ritonavir and clopidogrel are inhibitors of CYP3A4 and CYP2C8, respectively. In a randomized, crossover study in 12 healthy subjects, we examined the impact of clinical doses of ritonavir (for 5 days), clopidogrel (for 3 days), and their combination on dasabuvir pharmacokinetics, and the effect of ritonavir on clopidogrel. Clopidogrel, but not ritonavir, increased the geometric mean AUC 0-' of dasabuvir 4.7-fold; range 2.0-10.1-fold (P 5 8Á10 27 ), compared with placebo. Clopidogrel and ritonavir combination increased dasabuvir AUC 0-' 3.9-fold; range 2.1-7.9-fold (P 5 2Á10 26 ), compared with ritonavir alone. Ritonavir decreased the AUC 0-4h of clopidogrel active metabolite by 51% (P 5 0.0001), and average platelet inhibition from 51% without ritonavir to 31% with ritonavir (P 5 0.0007). In conclusion, clopidogrel markedly elevates dasabuvir concentrations, and patients receiving ritonavir are at risk for diminished clopidogrel response.
Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? þ Dasabuvir is mainly metabolized by hepatic CYP2C8. Clopidogrel is a mechanism-based CYP2C8 inhibitor, but PBPK modeling studies have suggested its impact on dasabuvir pharmacokinetics to be limited. CYP3A4 is involved in clopidogrel bioactivation, but it is not known how the strong CYP3A4 inhibitor ritonavir affects the pharmacokinetics and antiplatelet efficacy of clopidogrel. WHAT QUESTION DID THIS STUDY ADDRESS? þ This research characterized the effects of clopidogrel, ritonavir, and their combination on the pharmacokinetics of dasabuvir. Secondarily, the study explored whether ritonavir affects the bioactivation of clopidogrel.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
þ Clopidogrel is a strong CYP2C8 inhibitor and it increases dasabuvir exposure about 5-fold, even 10-fold in some subjects. Furthermore, ritonavir impairs the antiplatelet effect of clopidogrel and decreases clopidogrel active metabolite AUC. HOW MIGHT THIS CHANGE CLINICAL PHARMA-COLOGY OR TRANSLATIONAL SCIENCE? þ Clopidogrel can potentially increase the risk for adverse effects of dasabuvir. Moreover, clopidogrel should not be the primarily prescribed antiplatelet agent for patients on ritonavir therapy. Dasabuvir may serve as a sensitive CYP2C8 probe in drug-drug interaction studies.
Dasabuvir, a nonstructural protein 5B inhibitor, is part of a novel four-drug (3D) regimen for the treatment of chronic hepatitis C virus (HCV) genotype 1 infection, which affects more than 80 million people worldwide. 1, 2 The drug-drug interaction (DDI) potential of the dasabuvir, paritaprevir/ritonavir, and ombitasvir regimen has been characterized as a part of the marketing approval process, but the compounds are yet individually understudied in this regard. [3] [4] [5] [6] In vitro, the biotransformation of dasabuvir to its tert-butyl hydroxyl metabolite (M1), the most abundant metabolite in plasma, 7 is mediated predominantly by cytochrome P450 (CYP) 2C8, while CYP3A4 is responsible for about 30% of the overall metabolism of dasabuvir in the absence of ritonavir. [7] [8] [9] Accordingly, the concomitant administration of gemfibrozil, a strong CYP2C8 inhibitor, increased the area under plasma concentration-time curve (AUC) of dasabuvir 11-fold in humans, and prolonged its half-life (t1 =2 ) 18-fold. 6 Due to the potential hazards of DDIs, concurrent administration of dasabuvir with strong CYP2C8 inhibitors is contraindicated. 10 Moreover, from another perspective, the sensitivity of dasabuvir to CYP2C8 inhibition could make it applicable in pharmacokinetic studies as a CYP2C8 probe substrate. 11 Of note, dasabuvir itself does not induce or inhibit CYP enzymes to a clinically relevant extent. 6, 12 Clopidogrel is a prodrug, activated in two steps. About 90% of clopidogrel is hydrolyzed by the polymorphic carboxylesterase 1 (CES1) to a pharmacologically inactive carboxylic acid metabolite, [13] [14] [15] which is further glucuronized to an acyl-b-D-glucuronide metabolite by uridine 5 0 -diphospho-glucuronosyltransferase (UGT) 2B enzymes. 16, 17 The bioactivation of clopidogrel to the pharmacologically active cis-5-thiol metabolite is susceptible to changes in CYP2C19 activity, 18, 19 but also CYP3A contributes to clopidogrel activation. For example, grapefruit juice, an inhibitor of CYP3A4 in the gut wall, has impaired the bioactivation of clopidogrel and consequently the inhibition of platelet aggregation. 20 In antiviral drug combinations, ritonavir is commonly adopted as a pharmacokinetic booster due to its strong CYP3A4 inhibitory effect, permitting lower and standardized dosing of other drugs such as paritaprevir in the 3D protocol. 21 Despite the prevalent utilization of ritonavir, its impact on clopidogrel pharmacokinetics and antiplatelet effects is yet largely unexplored.
In recent years, clopidogrel has been found to significantly increase the exposure to several CYP2C8 substrates, e.g., repaglinide, pioglitazone, and montelukast. [22] [23] [24] [25] The main mechanism of the aforementioned DDIs is the strong time-dependent CYP2C8 inactivation by clopidogrel's phase II acyl-b-D-glucuronide metabolite. 22 Along with CYP2C8 inhibition, additional interaction mechanisms, e.g., inhibition of CYP3A4 and organic anion transporting polypeptide (OATP) 1B1, a hepatic influx transporter, by clopidogrel have been suggested to explain these DDIs. 9, 26 In clinical studies, however, clopidogrel has not augmented the exposure to sensitive CYP3A4 and OATP1B1 substrates. 24, 27 Marked increases in dasabuvir exposure are potentially associated with adverse effects, most notably prolongation of the QTc interval. 3, 10, 28 Therefore, identifying clinically meaningful DDIs is essential for patient safety. Furthermore, there is an urge for selective and sensitive CYP2C8 probe substrates for clinical research use, 11 and the pharmacokinetic properties of dasabuvir appear promising for such a purpose, but are yet incompletely examined in humans. Given the aforementioned reasons, we conducted a clinical study to characterize the impact of clopidogrel and ritonavir on dasabuvir pharmacokinetics and to elaborate the complementary roles of CYP2C8 and CYP3A4 in dasabuvir metabolism ( Figure 1) . Moreover, our secondary aim was to investigate whether coadministered ritonavir could affect the antiplatelet efficacy of clopidogrel.
RESULTS

Effect of clopidogrel on dasabuvir pharmacokinetics
Clopidogrel increased the geometric mean AUC 0-1 of dasabuvir to 467% (90% confidence interval (CI) of geometric mean ratio 323-674%) of that during placebo ( Figure 2 , Table 1 ). The AUC 0-1 of dasabuvir was increased in all 12 participants ( Figure 3) . In addition, clopidogrel prolonged the dasabuvir mean t1 =2 from 8.4 to 15.4 hours (90% CI: 159-213%).
Clopidogrel decreased the AUC 0-23h of the major M1 metabolite of dasabuvir to 41% (90% CI: 26-65%) of that during placebo phase, whereas no significant change in the AUC 0-1 was observed ( Figure 2 , Table 1 ). In the clopidogrel phase, the peak plasma concentration (C max ) of M1 was decreased to 20% (90% CI: 11-36%) of that in the placebo phase. Furthermore, clopidogrel prolonged the t1 =2 of M1 from 7.9 to 17.3 hours (90% CI: 172-281%) and decreased the M1:dasabuvir AUC 0-1 ratio to 17% (90% CI: 16-19%) of that when placebo was administered. Moreover, no correlation between the AUC 0-1 of clopidogrel acyl-b-D-glucuronide and the fold-changes in dasabuvir AUC 0-1 or M1:dasabuvir AUC 0-1 ratio were observed either with or without ritonavir.
Effect of ritonavir on dasabuvir pharmacokinetics
Ritonavir did not cause significant changes in the pharmacokinetics of dasabuvir or M1, when compared to pretreatment with placebo ( Figures 2, 3 , Table 1 , Supplemental Table S1 ). In the ritonavir phase, however, a statistically insignificant trend of Figure 1 Study design. Twelve healthy individuals ingested as pretreatment either placebo (PLC), or clopidogrel (CLOP; 300 mg on day 3 followed by 75 mg on days 4 and 5 at 8.00 AM) for 3 days; or ritonavir (RTV; 100 twice daily at 8.00 AM and PM) for 5 days; or both ritonavir for 5 and clopidogrel for 3 days. On day 3 of each phase, the volunteers were administered 250 mg of dasabuvir (DAS) at 9.00 AM. 
ARTICLE
Effect of clopidogrel-ritonavir combination on dasabuvir pharmacokinetics
When clopidogrel and ritonavir were administered concomitantly, the mean AUC 0-1 of dasabuvir was 389% (90% CI: 275-551%) of that during the ritonavir phase (Figures 2, 3 , Table 1 ).
The C max of dasabuvir was increased to 182% (90% CI: 127-261%), and the t1 =2 was prolonged from 8.2 to 11.5 hours (90% CI: 114-173%) when compared with the ritonavir phase. During the clopidogrel-ritonavir phase, the AUC 0-23h of M1 was 48% (90% CI: 32-71%) of that during the ritonavir phase, whereas no statistically significant changes in its AUC 0-1 were observed ( Figure 2 , Table 1 ). The clopidogrel-ritonavir combination decreased the M1:dasabuvir AUC 0-1 ratio to 20% (90% CI: 17-25%) of that in the ritonavir phase. Moreover, the C max of M1 was reduced to 22% (90% CI: 13-36%) of that during the ritonavir phase. The clopidogrel-ritonavir combination lengthened the t1 =2 of M1 from 7.4 to 14.1 hours (90% CI: 157-234%) when compared with ritonavir only.
The effect of ritonavir on clopidogrel pharmacokinetics and platelet aggregation inhibition
Ritonavir decreased the plasma concentrations of the active metabolite of clopidogrel and the platelet inhibitory effect of Figure 2 The effect of ritonavir (100 mg twice daily on days 1-5), clopidogrel (300 mg on day 3, followed by 75 mg on days 4 and 5), and their combination (ritonavir 100 mg twice daily on days 1-5, and clopidogrel 300 mg on day 3 and 75 mg on days 4 and 5) on the plasma concentrations of dasabuvir (a), and its M1 metabolite (b). On day 3 of each of the four phases, including placebo phase, dasabuvir (250 mg) was administered to 12 healthy individuals 1 hour after the morning dose of pretreatment. Data are presented as geometric means with 90% CI. For clarity, some error bars have been omitted. Insets depict the same data on a semilogarithmic scale. clopidogrel ( Figure 4 , Table 2 ). In the clopidogrel-ritonavir phase, the C max and AUC 0-4h of clopidogrel active metabolite were 52% (90% CI: 41-65%) and 49% (90% CI: 39-61%) of those in the clopidogrel phase, respectively ( Figure 4 , Table 2 ). The average inhibition of platelet aggregation was decreased from 51% in the clopidogrel phase to 31% in the clopidogrel-ritonavir phase (mean difference 90% CI: -27% to -12%; Figure 4 , Table  2 ). The maximal platelet inhibition by clopidogrel was also reduced from 60% to 40% during concurrent ritonavir (mean difference 90% CI: -29% to -11%). Combining ritonavir with clopidogrel shortened the t1 =2 of clopidogrel carboxylic acid and clopidogrel acyl-b-D-glucuronide from 3.0 to 2.5 hours (90% CI: 72-95%) and from 2.8 to 2.0 hours (90% CI: 63-81%), respectively. Other pharmacokinetic variables of clopidogrel or its metabolites were not affected by ritonavir.
Ritonavir
Only minor differences in ritonavir pharmacokinetics were observed between the two ritonavir containing phases ( Figure 4 , Table S1 ). During coadministration of clopidogrel, the t1 =2 of ritonavir was 112% (90% CI: 105-119%) of that in the ritonavir phase, and the time to C max (t max ) of ritonavir was longer (median 3.0 hours) than in the ritonavir only phase (median 1.75 hours) (Table S2) .
DISCUSSION
CYP2C8 has a major role in the metabolism of dasabuvir, [5] [6] [7] 12, 29 while clopidogrel inhibits the metabolism of CYP2C8 substrates. [22] [23] [24] [25] Dasabuvir is usually administered as a component of the 3D regimen, which includes ritonavir, a strong inhibitor of CYP3A4, whereas the formation of clopidogrel's active metabolite responsible for the antithrombotic effect is partially CYP3A4-mediated. 20, 30 Accordingly, we administered clopidogrel, ritonavir, their combination, or placebo as pretreatments and a single dose of dasabuvir to 12 healthy volunteers (Figure 1) , in order to evaluate the effect of clopidogrel on the pharmacokinetics of dasabuvir and the effect of ritonavir on the pharmacokinetics of clopidogrel and dasabuvir. The pretreatment phases were: Placebo (days 3-5), clopidogrel (300 mg on day 3, followed by 75 mg on days 4 and 5), ritonavir (100 mg twice daily on days 1-5), clopidogrel-ritonavir combination (clopidogrel 300 mg on day 3 and 75 mg on days 4 and 5, and ritonavir 100 mg twice daily on days 1-5). Data are given as geometric mean with geometric coefficient of variation, except for t max , which is given as median with range. The geometric mean ratios between the two phases are given with 90% confidence intervals. C max , peak plasma concentration; t max , time to C max ; t1 =2 , half-life; AUC, area under the plasma concentration-time curve.
The results of our clinical study revealed two clinically important DDIs. First, clopidogrel markedly increased dasabuvir exposure and inhibited the CYP2C8-mediated formation of the primary M1 metabolite of dasabuvir. In the clopidogrel phase, the geometric mean AUC 0-1 of dasabuvir was 4.7 times as large as that during the placebo phase, with 6 of the 12 subjects showing more than 5-fold increase in dasabuvir AUC 0-1 , the highest increase being >10-fold. The clopidogrel-ritonavir combination increased dasabuvir AUC 0-1 3.9-fold (range about 2-8-fold), compared to that during the ritonavir phase. Moreover, clopidogrel prolonged the t1 =2 of dasabuvir and reduced the M1:dasabuvir AUC ratio by more than 80%, consistent with strong CYP2C8 inhibition by clopidogrel. Second, our results showed that ritonavir impairs the bioactivation of clopidogrel to its active cis-5-thiol metabolite. In the clopidogrel-ritonavir phase, the C max and AUC 0-4h of clopidogrel active metabolite were only 52% and 49% of those during the clopidogrel phase, respectively. As a consequence, the inhibition of platelet aggregation by clopidogrel was markedly decreased by ritonavir.
A recent physiologically based pharmacokinetic (PBPK) modeling study predicted that clopidogrel would increase dasabuvir AUC 1.9-2.8-fold, which would imply a reduction in dasabuvir clearance of 47-64% only and a DDI of limited clinical importance, and suggested that clopidogrel is only a moderate CYP2C8 inhibitor. 9 The PBPK model included a large adjustment of the inhibitory constant of clopidogrel for OATP1B1, so that OATP1B1 inhibition by clopidogrel has a role in the clopidogrelrepaglinide DDI. 9 In humans, however, clopidogrel has not affected the pharmacokinetics of OATP1B1 and CYP3A4/ OATP1B1 substrates pitavastatin and simvastatin, respectively 24, 27 ; and of note, dasabuvir is not an OATP1B1 substrate. 3 Moreover, the report's primary PBPK model incorporated a markedly lower unbound hepatocyte-to-plasma concentration ratio of clopidogrel acyl-b-D-glucuronide than that used in previous models. 9, 22 Because the formation of acyl-b-D-glucuronide metabolite of clopidogrel takes place in close proximity to CYP2C8 within the endoplasmic reticulum in hepatocytes, no active hepatic uptake is required to achieve higher acyl-b-D-glucuronide concentrations at the CYP2C8 site than in plasma. 16 The authors of the PBPK study hypothesized that the weak induction of CYP2C8 by ritonavir would decrease the impact of clopidogrel on dasabuvir pharmacokinetics. 9 As a result of a multidisciplinary review of the possible interaction between clopidogrel and dasabuvir, mainly based on the PBPK modeling predictions, 9 the US Food and Drug Administration (FDA) concluded that no changes to the prescribing information of dasabuvir are warranted, i.e., a contraindication for clopidogrel-dasabuvir combination was not added. 26 Our current clinical results indicate, however, that clopidogrel increases dasabuvir exposure more than what the PBPK model by Shebley et al. predicted. 9 These results highlight the challenges related to PBPK modeling of complex DDIs, especially when mechanisms are not fully understood and rich clinical data are unavailable.
As dasabuvir is routinely ingested with ritonavir, comparing the effect of the clopidogrel-ritonavir combination on dasabuvir pharmacokinetics to that of ritonavir alone is the clinically most relevant scenario. In this comparison, dasabuvir C max was raised >2-fold in four individuals, with the highest increase being 3.8-fold, and it is possible that at steady state during administration of dasabuvir twice daily, the increases in dasabuvir C max are even greater. According to the manufacturer, supratherapeutic dasabuvir exposures are associated with hemoglobin decrease and potential to prolong the QTc interval. 3,10 Figure 3 The individual area under the plasma concentration time curve from zero to infinity (AUC 0-1 ) of dasabuvir in placebo and clopidogrel phases (a), and in ritonavir and clopidogrel-ritonavir phases (b) in 12 healthy subjects after ingestion of 250 mg of dasabuvir in a crossover study during the four study phases. Dasabuvir (250 mg) was administered on the day 3, 1 hour after the morning pretreatment with placebo, clopidogrel, ritonavir, or clopidogrel-ritonavir.
As opposed to healthy subjects, patients may have additional risk factors for QTc prolongation, such as electrolyte imbalances, polypharmacy, and multiple medical conditions. Consequently, although ritonavir may slightly attenuate the effect of clopidogrel on dasabuvir during long-term treatment, 9 caution is recommended when clopidogrel is combined with the 3D regimen, especially in patients predisposed to prolongation of the QTc interval. , and the percent inhibition of platelet aggregation (e) after clopidogrel 300 mg with and without ritonavir 100 mg twice a day initiated 2 days before clopidogrel administration. In addition, the plasma concentrations of ritonavir (f) after the fifth 100 mg ritonavir dose with and without clopidogrel 300 mg in the morning of day 3 are shown. A single oral dose of 250 mg dasabuvir was administered 1 hour after the morning dose of clopidogrel, ritonavir, and their combination. Data are presented as geometric means (except for the mean percent inhibition of platelet aggregation, which are given as arithmetic means) with 90% CI. For clarity, some error bars have been omitted.
There is a shortage of selective and sensitive CYP2C8 model substrates. The strongest known CYP2C8 inhibitor, gemfibrozil, has increased the AUCs of the CYP2C8 substrates pioglitazone, montelukast, and repaglinide about 3-, 4.5-, and 8-fold, respectively. [31] [32] [33] Pioglitazone's limited sensitivity for CYP2C8 inhibition makes it a suboptimal CYP2C8 probe substrate, 34 as do the additional disposition mechanisms of montelukast (UGT1A3mediated metabolism and possible transporter-mediated hepatic uptake), 35, 36 and repaglinide (OATP1B1-mediated hepatic uptake, and biotransformation by CYP3A4). 34 In the presence of the CYP3A4 inhibitor ritonavir, the fraction of dasabuvir metabolized by CYP2C8 is suggested to be >0.9, since gemfibrozil has increased the AUC of dasabuvir 11-fold during ritonavir coadministration. 6, 9, 12 However, the effect of gemfibrozil on dasabuvir has not been studied in the absence of ritonavir. In the present study, the CYP2C8 inhibitor clopidogrel increased the (29) -20 (-29 to -11); P 5 0.002
On day 3 of the clopidogrel-ritonavir phase, clopidogrel and the fifth ritonavir dose were ingested simultaneously, 1 hour before dasabuvir 250 mg. Data are given as geometric mean with geometric coefficient of variation, except for t max and inhibition of platelet aggregation, which are given as median with range, and arithmetic mean with standard deviation, respectively.
AUC of dasabuvir slightly more without ritonavir (4.7-fold) than in the presence of ritonavir (3.9-fold) and reduced the M1:dasabuvir ratio by at least 80% both with and without ritonavir. Thus, our results imply that the contribution of CYP2C8 to dasabuvir metabolism is at least of the same magnitude without ritonavir as with ritonavir coadministration, likely to exceed 80% in both situations. Therefore, dasabuvir could be a sensitive CYP2C8 model substrate for DDI studies, when used without concurrently administered ritonavir. However, only low dasabuvir doses should be used to guarantee the safety of volunteers. Additionally, we observed a statistically insignificant trend of lower dasabuvir concentrations (-20%) in the ritonavir phase than in the placebo phase, which could suggest a weak CYP2C8 induction by ritonavir or other mechanism leading to reduced dasabuvir exposure. 9 As a limitation of the present study, however, the potential increase in dasabuvir hepatic intrinsic clearance by ritonavir had probably not reached full steady state by the third ritonavir pretreatment day when dasabuvir was administered.
The current study also corroborates the strong CYP2C8 inhibitory properties of clopidogrel, as it augmented dasabuvir AUC about 5-fold on average. Moreover, the M1:dasabuvir AUC ratios were decreased by >80% by clopidogrel, indicating strong inhibition of the formation of M1. As the metabolism of dasabuvir is not entirely CYP2C8-mediated, clopidogrel would very likely increase the AUC of a hypothetical and completely CYP2C8selective substrate by >5-fold. Given these findings, the recent classification of clopidogrel as a strong CYP2C8 inhibitor in the FDA Draft Guidance for Clinical Drug Interaction Studies seems to be justified. 37 This should be taken into account when clopidogrel is used in patient groups that are at risk for polypharmacy with CYP2C8 substrates.
In previous studies, the CYP3A4 inhibitors grapefruit juice and ketoconazole have impaired the antiplatelet effects of clopidogrel and decreased the AUC of its active cis-5-thiol metabolite by 86% and 22-29%, respectively. 20, 38 In addition to being a strong CYP3A4 inhibitor, however, ritonavir also acts as weak CYP2D6 inhibitor and CYP inducer. 39, 40 Because several enzymes, e.g., CYP2C19, CYP2B6, and CYP3A4 mediate the bioactivation of clopidogrel, 41 the net effect of ritonavir on clopidogrel pharmacokinetics was not obvious before the current study. The observed substantially impaired inhibition of platelet aggregation by clopidogrel and the $50% decreased C max and AUC 0-4h of its active metabolite suggest that ritonavir can markedly decrease the antithrombotic efficacy of clopidogrel. In line with our findings, Marsousi et al. very recently (after the submission of our study) reported a 3.2-fold lower exposure to clopidogrel active metabolite and diminished platelet inhibition in HIV-infected patients using long-term ritonavir boosted antiretroviral therapies when compared with healthy controls. 42 None of these eight patients on ritonavir were using other medications known to significantly magnify the impact of ritonavir on the antiplatelet effect and pharmacokinetics of clopidogrel. 42 Moreover, also one case report described diminished clopidogrel response due to ritonavir in a patient using clopidogrel, ritonavir, and isoniazid concomitantly. 43 This interaction may be particularly relevant in individuals with reduced CYP2C19 activity, since in our study, clopidogrel active metabolite concentrations were very low and platelet inhibition weak in CYP2C19*2 carriers during ritonavir treatment ( Figure S1 ).
In conclusion, clinical doses of clopidogrel greatly increase the exposure to dasabuvir and inhibit the CYP2C8-mediated formation of the major dasabuvir metabolite, M1. The observed effect was similar in both relevant perpetrator drug comparisons: clopidogrel vs. placebo, and clopidogrel-ritonavir combination vs. ritonavir. In addition, ritonavir significantly diminished the antiplatelet effect of clopidogrel, which likely increases the risk for atherothrombotic events if the two drugs are used concurrently. Because of the dual clopidogrel-dasabuvir and ritonavirclopidogrel interactions, which both may have harmful consequences, it is advisable to avoid concomitant administration of clopidogrel with dasabuvir-ritonavir-containing regimens, such as the 3D protocol. Furthermore, our findings confirm that dasabuvir could be applicable as a CYP2C8 probe substrate for DDI studies. 11 
METHODS
Subjects and study design
Twelve healthy nonsmoking volunteers (six women, six men; age range, 20-33 years; body mass index range, 19.4-26.6 kg/m 2 ) participated in the study after giving written informed consent. Their health was confirmed by medical history, clinical examination, electrocardiography, and routine laboratory tests before entering the study. All participants had normal blood platelet counts and hemoglobin values. None of the subjects used oral contraceptives or other continuous medication.
The study protocol was approved by the Coordinating Ethics Committee of the Helsinki and Uusimaa Hospital District (record number 66/13/03/00/2016), and the Finnish Medicines Agency Fimea (EudraCT number 2016-000149-30). A randomized, placebo-controlled, four-phase crossover study was conducted with a washout period of 3 weeks between the days of dasabuvir administration. The subjects ingested as pretreatment either placebo (Placebo tablets, University Pharmacy, Helsinki, Finland), or clopidogrel (300 mg on day 3 followed by 75 mg on days 4 and 5 at 8.00 AM; Plavix, Sanofi-Aventis, Paris, France) for 3 days; or ritonavir (100 twice daily at 8.00 AM and PM; Norvir, AbbVie, Ludwigshafen am Rhein, Germany) for 5 days; or both ritonavir for 5 and clopidogrel for 3 days. On day 3, 250 mg dasabuvir (Exviera 250 mg tablet, AbbVie) was administered at 9.00 AM (Figure 1) . On the days of dasabuvir ingestion, the volunteers had fasted overnight, and a standard warm meal was served 3 hours, and snacks 7 and 9 hours after the administration of dasabuvir. The subjects were not allowed to use grapefruit products 1 week before and during the study. Use of other drugs or omega-3 fatty acid dietary supplements was not permitted from 1 week before to 1 week after the study. Use of alcohol was prohibited the day before and on the days of dasabuvir administration.
Sampling
Timed blood samples were drawn from a cannulated forearm vein, or by venipuncture before the administration of pretreatment, and 5 minutes before and 0.5, 1, 2, 3, 4, 6, 9, 23, 47, and 71 hours after the dasabuvir ingestion. The blood samples were collected into ethylenediaminetetraacetic acid (EDTA)-containing tubes, which were placed on ice immediately after sampling. Plasma was separated within 30 minutes and stored at -708C until analysis. The samples for the determination of clopidogrel and its metabolites were treated with 2-bromo-3 0 -methoxyacetophenone within 30 seconds of blood sample collection in whole blood EDTA samples, in order to derivatize the active metabolite of clopidogrel (excluding the samples taken before the administration of pretreatment, and 23, 47, and 71 hours after dasabuvir ingestion), as previously described. 27 Determination of drug concentrations All measurements were carried out using a Nexera X2 UPLC system (Shimadzu, Kyoto, Japan) coupled to a 5500 Qtrap mass spectrometer interfaced with an electrospray ion source (ABSciex, Toronto, Ontario, Canada). For the plasma dasabuvir, dasabuvir M1 and ritonavir, the samples were pretreated using a Phree phospholipid removal plate (Phenomenex, Torrance, CA) according to the manufacturer's instructions. The analytes were separated on a Luna Omega C18 column (1.6 lm particle size, 2.1Á100 mm internal diameter; Phenomenex) using a gradient elution with a mobile phase consisting of 0.1% formic acid and acetonitrile. The mobile phase gradient was a linear increase of acetonitrile from 30% to 90% over 6 minutes, followed by an equilibration step back to the starting composition. The flow rate and the column temperature were maintained at 250 lL/min and 308C, and an aliquot of 3 lL was injected into the system. Deuterium-labeled ritonavir served as an internal standard for all analytes. The mass spectrometer was operated in a positive polarity mode and the targeted ion transitions (m/z) were 494 to 359 for dasabuvir, 510 to 412 for dasabuvir M1, and 721 to 140 for ritonavir. The quantification limits for dasabuvir and ritonavir were 0.8 ng/mL and 5.0 ng/mL. A signal-to-noise ratio (S/N) of 10:1 was used as a limit of detection for dasabuvir M1, and the quantities were given in arbitrary units (U/mL) relative to the ratio of the peak height of the dasabuvir M1 to that of the internal standard. The linear detector response (r > 0.995) of dasabuvir M1 was confirmed by a 1,000-fold serial dilution of the authentic sample extracts with a high metabolite content. The day-to-day coefficients of variation (CV) were 9.4% (2.0 ng/mL), 7.3% (200 ng/mL), and 3.5% (2,000 ng/mL) for dasabuvir, and 8.7% (500 ng/mL) and 5.2% (5,000 ng/mL) for ritonavir.
The determination of plasma clopidogrel and its metabolites were performed as previously described. 27 The quantification limits were 0.05 ng/mL for clopidogrel and clopidogrel active cis-5-thiol metabolite, and 100 ng/mL for clopidogrel carboxylic acid and clopidogrel acyl-b-D-glucuronide. The day-to-day precision values for all compounds were below 15% (expressed as CV%) and accuracy within 6 15%, except for the lower limit of quantification, for which both precision and accuracy were within 620%.
Platelet function testing
The antiplatelet activity of clopidogrel was tested in all 12 participants with a turbidimetric optical detection system (VerifyNow P2Y 12 , Accumetrics, San Diego, CA) in citrate anticoagulated whole-blood samples collected at just before, and 55 minutes, 2, 4, 10, and 24 hours after clopidogrel dosing. 44, 45 The average inhibition values were calculated by dividing the area under the effect vs. time curve from time 0 to 24 hours by the corresponding time interval.
Pharmacokinetics
The C max , t max , AUC 0-23h , AUC 0-1 , and t1 =2 were calculated for dasabuvir and its M1 metabolite by standard noncompartmental methods using Phoenix WinNonlin, v. 6.4 (Certara, Princeton, NJ). The same pharmacokinetic parameters were calculated for ritonavir and clopidogrel, but instead of AUC 0-23h , AUC 0-10h was calculated for ritonavir, and AUC 0-4h for clopidogrel and its metabolites.
Genotyping
The genotyping methods and data are presented in the Supplementary Methods and Results.
Statistical analysis
Based on the pharmacokinetic results of previous drug interaction studies, 12 subjects were estimated to be adequate to detect a 30% change in the AUC of dasabuvir between the placebo, clopidogrel, ritonavir, and clopidogrel/ritonavir phases, with a power of at least 80% (a level 5%).
The results are expressed as geometric means and geometric mean ratios with geometric CV or 90% CIs unless stated otherwise. Logarithmic transformation was used for pharmacokinetic variables, except t max , before statistical analysis. The pharmacokinetic variables were compared by repeated-measures analysis of variance with treatment phase as a within-subjects factor, with pairwise comparisons with the Fisher's least significant difference method. Due to the six pairwise comparisons in the pharmacokinetic parameters of dasabuvir, Bonferroni correction was applied. The t max data were compared using the Wilcoxon signed rank test. Correlations between the AUC 0-1 of clopidogrel acyl-b-Dglucuronide, and the fold-increases in dasabuvir AUC 0-1 and M1:dasabuvir AUC 0-1 ratio were quantified as Kendall's correlation coefficients and tested using Kendall's test. P-values below 0.05 were considered statistically significant. Statistical analyses were performed using SPSS Statistics for Windows v. 22 .0 (IBM, Armonk, NY).
